ABSTRACT. Organotins are among the most common marine pollutants in the world, as they are widely used as antifouling paint on ships and fishing nets. It has been reported that organotin preferentially accumulates in the central nervous system, especially in the retinal neurons of marine organisms including fish. In this study, we investigated the effects of waterborne tributyltin (TBT) on early-stage developing zebrafish (Danio rerio). Below the lethal concentrations, TBT specifically increased the number of apoptotic cells in the retina as well as some cells near trigeminal neurons, detected by terminal transferase-mediated nick-end-labeling staining. Apoptosis peaked at 60 hpf and decreased by 72 hpf, which was associated with macrophage accumulation. Furthermore, the effect of TBT was markedly inhibited by antioxidants, ascorbic acid or trolox. These results suggest that TBT preferentially induces apoptosis in the retinal neuron of developing zebrafish. Oxidative stress may be involved in this toxicological response.
Organotin compounds have been widely utilized as agricultural chemicals, wood preservatives and stabilizing agents of polyvinyl chloride for a long time. Tributyltin (TBT) and triphenyltin (TPT) are common marine contaminants used as antifouling paints on boats and fishing nets and lead to malformations termed "imposex" in female gastropods, characterized by the growth of a pseudo-penis [15, 24] . Fish are also targets of organotin, which can be lethal and cause other toxicological endpoints including thymic atrophy, similar to rodents after long-term exposure to TBT [6, 27] . Acute and chronic exposure to TBT or TPT causes adult mortality in various fish species at doses around several micrograms per liter. Studies by Fent and colleagues focused on the early life stages of fish, as these stages are typically more susceptible to environmental contaminants. They reported that in the European minnow (Phoxinus phoxinus), TBT and TPT evoked marked axis distortion together with histological alterations in the skin, skeletal muscle and kidneys [6] [7] [8] .
It has been known for some time that organotins are neurotoxic to vertebrates and invertebrates [5, 19] . Among the structures affected, the hippocampus is important as a primary target for trimethyltin (TMT), which can cause neurobehavioral alterations such as severe learning deficits or convulsion [17] . In addition, sensory organs, including the retina, could be targets of organotin compounds. Pathological alterations in retina and other sensory organs were observed following TMT exposure to rats and other rodent species [19] . In cerebellar granule cells in primary culture, low concentrations of TMT (0.01-0.1 µM) cause apoptotic cell death that appears to involve mainly oxidative stress, while higher concentrations of TMT stimulate necrotic death through both oxidative and non-oxidative pathways [13] .
Recently, it has been reported that exposure to [ 113 Sn]-TBT dissolved in static water resulted in higher accumulation in water-exposed sensory organs such as lateral line organs, as well as the retina and brain of adult rainbow trout [21] . This is reminiscent of findings that the retina as well as the corneal epithelium, lens, and pigment layer showed dose-dependent degenerative changes in TBT-and TPTexposed minnow larva [7, 8] . In this investigation, we show that TBT preferentially induces apoptosis in retinal neuronal cells of developing zebrafish by way of oxidative stress, a model fish for developmental toxicology [25] .
MATERIALS AND METHODS
Chemicals: Tributyltin (TBT) and trolox were purchased from Wako Pure Chemical (Japan) and Merck Biosciences (Germany), respectively. The other chemicals were obtained from Sigma (U.S.A.) or Kanto Kagaku (Japan).
Zebrafish and TBT treatment: Fertilized embryos were obtained from the natural mating of adult zebrafish (AB line) in our laboratory according to the Zebrafish Book [28] . Adult fish and developing fish including embryos were maintained at 28.5°C under 14 hr light and 10 hr dark conditions. Embryos were collected within 1 hr after spawning, rinsed, and placed into a plastic petri dish. Within 3 hr after spawning, fertilized embryos were exposed to either the TBT vehicle (ethanol, final 0.1%) or an apparent concentra-tion of waterborne TBT of 10, 20, 30, 50 or 100 µg/L dissolved in 0.1% ethanol in 3 ml of Zebrafish Ringer solution (ZR solution: 38.7 mM NaCl, 1.0 mM KCl, 1.7 mM HEPES-NaOH pH 7.2, 2.4 mM CaCl 2 ) in 3 cm plastic petri dishes throughout the experiment (n=10 embryos/dish).
TUNEL staining: Embryos were fixed in 4% paraformaldehyde for 24 hr at 4°C, followed by the conventional procedure for TdT-mediated dUTP-biotin nick-end-labeling (TUNEL) staining as a whole-mount [11] . Positive TUNEL signals were detected with an ABC Kit (Elite, Vector). The numbers of TUNEL positive-cells in the retina were counted for each vehicle and TBT-exposed embryos examined. In some experiments, TUNEL staining was carried out on paraffin sections as described previously for detailed observation [4] .
Macrophage accumulation: Macrophages accumulated in the retina were visualized with neutral red in vivo according to Herbomel et al. [14] . Neutral red is well known for its ability to concentrate in macrophage lysosomes. Optimal staining of macrophages in live embryos was obtained by incubating embryos in 2.5 µg/ml neutral red at 28°C in the dark for 5-8 hr before fixation in 4% paraformaldehyde. Embryos were observed in 70% glycerol under a stereoscopic microscope.
Statistics: Results are presented as the mean ± SEM. Significance of differences between the vehicle and TBTexposed groups was determined by Tukey-Kramer (p≤0.05).
RESULTS

Mortality and malformations:
Initially, the general toxicity of TBT was investigated in developing zebrafish. Figure  1 shows the mortality from 24 to 120 hr post fertilization (hpf). Each symbol represents the mean of 7 experiments, which used 20 embryos for each TBT exposure. 0.1% Ethanol as a vehicle (Control) did not increase mortality throughout the experiments (24-120 hpf). When evaluated at 120 hpf, the mortality increase was dependent on the TBT concentration. A significant increase in mortality was observed at 50 µg/L TBT (76.4%) but not at 1-30 µg/L TBT, and 100 µg/L TBT caused 100% mortality. At 100 µg/L and 50 µg/L TBT mortality occurred at 24 hpf and 72 hpf, respectively, showing earlier death at higher concentrations. Thus, the LC 50 value seemed be within 30-50 µg/L at 120 hpf.
Below the lethal concentration (20 µg/L), TBT caused slight edema around the heart, eye and yolk sac by 84 hpf but this was not consistently observed ( Fig. 2A, B) . TBT also evoked body axis deformations by 72 hpf at 30 µg/L and 84 hpf at 10 µg/L. Skeletal malformation is a common toxicological phenotype of organotin exposure in fish larva including zebrafish [6, 23] . Histological and ultrastructural changes of the skin and skeletal muscle in larvae of minnow [7] and zebrafish [23] as a cause of body axis malformation, and we also confirmed these in zebrafish larva by 60 hpf in histological sections (data not shown). TBT also caused the impairment of growth of upper and lower jaw ( Fig. 2A, B ) and atrophy of tail fin bud (Fig. 2C, D) . While hatching delay was caused by triphenyltin in zebrafish [23] , TBT did not markedly affect hatching in this study.
TBT-induced apoptosis in the retina and the other regions: Subsequently, we investigated the effect of TBT in cell death, and particularly focused on apoptosis at TBT doses below the lethal concentration. Overall, TBT (20 µg/ L) did not exert marked effects on the trunk and tail region, as revealed by TUNEL staining (data not shown), although bent axis was caused by the same concentration of TBT. While control larvae showed a few apoptotic cells by whole mount TUNEL staining, numerous TUNEL-positive cells were observed in the possible trigeminal neurons and their neighborhood by 48 and 60 hpf (Fig. 3A-D) . Significant increase in numbers of TUNEL-positive cells was also observed in retina upon TBT treatment (20 µg/L) at 60 hpf but not at 48 hpf (Fig. 3A, B) . This was also confirmed by TUNEL staining of sections (Fig. 3E, F) . Positive cells seemed to be localized from the ganglion cell layer to the outer plexiform layer but not in the photoreceptor cell layer or the pigmented epithelium [18] . Only a few apoptotic cells were observed in other neuronal tissues, including the brain and the spinal cord. There was no difference in the tail of control larvae compared to exposed larvae when examined by whole mount TUNEL staining. However, positive signals could be recognized in the tail fin bud of TBTexposed larvae with acridine orange staining, which detects later-stage apoptosis or necrosis [10] . Thus, degeneration of the fin bud might not be caused by typical apoptosis.
For the quantification of apoptotic events, TUNEL-positive cells were counted for each retina (Fig. 4) . In the retina of larva exposed to 20 µg/L TBT, the number of TUNEL- positive cells peaked at 60 hpf and decreased by 72 hpf (Fig.  4A) . About a two to three fold increase in apoptosis was observed with 20 µg/L TBT exposure at 60 hpf compared to the control. Apoptosis in the control larva peaked at 60 hpf and returned to the basal level by 72 hpf in TBT-exposed larva. As shown in Fig. 4B , the effect of TBT was concentration-dependent. A significant effect was observed with 20 µg/L TBT or higher concentrations. The maximum effect was observed at 30 µg/L of TBT, although we could not determine whether it reached a plateau. As mentioned above, TBT is known to cause axis malformation in developing zebrafish as well as in other various fish larva. However, the numbers of TUNEL-positive cells seemed not markedly increased by TBT exposure in other regions including trunk until 120 hpf, supporting the preferential effect of TBT in retina.
Macrophage accumulation in the eye: As apoptosis induced by TBT rapidly diminished by 72 hpf (Fig. 4A) , we hypothesized that cells undergoing apoptosis were promptly removed by macrophages. Therefore, we visualized macrophages in the retina in vivo, with larva kept in ZR solution containing neutral red, as macrophages preferentially take up this dye [14] . While there was no significant increase in the number of macrophages under TBT treatment at 54 hpf, we could identify around a two-fold increase in the numbers of macrophages accumulated in the retina at 66 hpf in fish exposed to 20 µg/L TBT (Fig. 5) .
Effect of antioxidants on TBT-induced apoptosis in the retina:
Two antioxidants, ascorbic acid (10 mM) and trolox (500 µM) were used to study whether oxidative stress could also be involved in the occurrence of apoptosis by TBT. Figure 6 shows that exposure to ascorbic acid or trolox alone beginning at 3 hpf had no effect on apoptosis, and TBT (20 µg/L) alone caused an expected increase in apoptosis in the retina at 60 hpf. On the other hand, co-exposure to each antioxidant, ascorbic acid or trolox, with TBT almost abolished the apoptosis induced by TBT in the retina (Fig. 6 ).
DISCUSSION
In these experiments, it was observed that the LC 50 of TBT in zebrafish larva was roughly around 30-50 µg/L at 120 hpf. In minnow larvae, a species in the carp family similar to zebrafish, there was significant mortality by 3 days following water-borne exposure to 4.26 µg/L TBT [7] . Significant histological alterations in the skin, skeletal muscles, kidneys, corneal epithelium, lens and retina were observed in minnow larva on TBT exposure in the range of 0. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] µg/L. In this study, TBT concentrations of 20 µg/L or greater induced body axis distortion and degeneration of the tip of the tail fin bud, followed by histological alterations in the trunk muscle and skin degeneration, suggesting that these effects could be common for all fish larva. On the other hand, the LC 50 value of TBT was 3.0 µg/L in silverside larva (Menidia beryllina) [1] . Although chemical forms are not always identical, acute LC 50 values have been reported as 5.8 µg/L in rainbow trout larva [3] and as 7.1 µg/L in fathead minnow larva for TPT [16] . Twenty-five µg/L TPT caused almost complete mortality by 120 hpf in developing zebrafish, supporting the relative resistance to organotin compounds in zebrafish larva [23] . As those experiments each adopted specific protocols, the values cannot be compared directly; however, it can be speculated that developing zebrafish are relatively resistant to organotin toxicity. Fent and co-workers also mentioned that TBT uptake by embryos is virtually absent with the presence of chorion as a barrier in developing minnows [9] . Thus effective mortality could be observed upon lower concentrations of TBT if dechorionized zebrafish larvae were directly exposed to TBT, as they hatch around 50 hpf.
The major finding in this study is that TBT induces apoptosis that is largely restricted to retinal neuronal cells as well as unidentified cells around trigeminal neurons in developing zebrafish. TBT-induced apoptosis peaked at 60 hpf and returned to the basal level by 72 hpf, accompanied by macrophage accumulation. As these macrophages seemed to contribute to the scavenging of apoptotic cells, there could be much more extensive apoptosis caused by TBT in the retina. Previously, we showed that TCDD induces apoptosis in the dorsal midbrain with a very similar time-course to TBT, although it is located in a different part of the brain [4] . It has been observed that TPT-exposed 3-day-old minnow lar- vae showed vacuolization and necrosis of individual cells within the surface epithelium of the cornea, marked hydropic degenerative alteration in the lens, loss of architecture in the retina, and widespread de-pigmentation [6] . Histological alterations by organotin compounds were also observed in the cornea and neural retinal layers together with skin and kidney tubular cells in adult rainbow trout [2] . Thus, it appears that the fish retina is an important target of organotin throughout all stages. Our observations suggest the occurrence of the same phenomenon in other fish species. We do not have any convincing evidence to explain why TBT induces apoptosis exclusively in the retina of developing zebrafish. Recently, however, Rouleau et al. [21] reported that exposure to [
113 Sn]-TBT via water resulted in a higher accumulation of TBT in the optic path (retina-optic nerve-diencephalons-optic tectum). This suggests that waterborne TBT may diffuse into the intraocular environment through the water-exposed cornea, followed by uptake in the optic neurons and axonal transport [21] . Therefore, relatively selective accumulation of TBT in the retina could possibly explain why TBT selectively induces apoptosis in this tissue, although the distribution of TBT in developing zebrafish is unknown. It has been reported that rainbow trout hatchlings exposed to TBTO for 21 days showed lesions in the tectum opticum of the midbrain and the optic nerve (intramyelin vacuolization and necrosis) [26] . In this study, we observed an increase of apoptosis in the possible trigeminal neurons and their neighborhood upon TBT exposure. Although we do not have any persuasive explanation, it might be that TBT did not reach a high enough concentration in the midbrain at that time.
In this experiment, two different antioxidants with chemically unrelated structure markedly inhibited TBT-induced apoptosis in the retina (Fig. 6) . The involvement of oxidative stress in organotin-induced toxicity has been suggested [13, 29] . It has been suggested that organotin compounds initiate an increase of [Ca 2+ ]i, causing the generation of reactive oxygen species from mitochondria, which is an important intracellular source of reactive oxygen species [12] . Extensive activation of N-Methyl-D-asparate (NMDA) receptor might be involved in an increase of [Ca 2+ ]i upon organotin exposure [13] . It also has been reported that paraquat, a free radical-generating pesticide, induced apoptosis in amacrine and photoreceptor neurons of rat retinal neurons in culture [20] . Thus, oxidative stress could be an important factor causing apoptosis in the retinal neurons of both mammalians and fish in general.
In conclusion, this study shows that the retina is a target of TBT-induced apoptosis in developing zebrafish. Increased apoptosis may be linked to oxidative stress induced by TBT in the retina, although the mechanism by which organotin compounds produce oxidative stress is not clear. Our results highlight zebrafish embryos as a useful in vivo model system to study the molecular mechanisms of toxicity, including oxidative stress generated by organotin compounds. Microarray analysis might be useful to elucidate the mechanism of organotin toxicity [25] . Particularly, it is interesting to address which gene could be responsible for the zebrafish resistance against organotin. Gene-knockdown with morpholino origonucleotides should be powerful tool to study the role of candidate gene related to organotin toxicity [25] . TBT-binding protein, which has been identified in serum of Japanese flounder, is one of the candidates [22] .
